A relatively small but consistent increase in the frequency of spore formation by an oligosporogenous strain of Bacillus popilliae (NRRL B-2309M) was obtained by adding 0.1% sodium pyruvate to the sporulation medium. The frequency of spore formation was essentially the same when a low level of glucose, trehalose, or glucose-6-phosphate or a high level of a-methyl-D-mannoside was added as the carbon and energy source. Many other variations in the cultural medium and cultural conditions failed to enhance spore formation of 2309M, and no spores were found in four asporogenic strains under any of the conditions tried. There were no significant differences between the 2309M strain and three nonsporeforming cultures with respect to (i) the rate and extent of growth, (ii) the rates of glucose utilization, or (iii) volatile acid production and utilization. None of the cultures tested was found to produce detectable levels of extracellular protease or an antibiotic. The only consistent marker found associated with spore formation was the development of catalase activity, and this activity was stimulated by heating at 80 C for 10 min. This was not found unless morphological evidence of spore formation was observed. The germination of the spores formed by 2309M in vitro was stimulated by heat shock and by the addition of pyruvate to the germination medium. (22) , and the asporogenous strains were NRRL B-2309S, B-2309PA, B-2309N, and B-2309MC. These strains will be referred to in this paper as 2309M, 2309S, etc. The history of the strains used and procedures used for their maintenance have been described (10).
The isolation of a variant culture of Bacillus popilliae (NRRL B-2309M) which sporulated at significant frequencies in vitro (22) provided the opportunity to compare some of its physiological properties during spore formation with the parent and other strains which did not produce spores under the same conditions. It was hoped that such studies would provide information which could be used in devising conditions for sporulating the wild-type cWltures in vitro. McKay et al. (10) demonstrated that oligosporogenous variants all are able to oxidize acetate, whereas cultures initiated from spores of the wild-type strain do not. However, other asporogenic variants oxidize acetate even more rapidly than the strains producing spores. Therefore, although the (22) with asporogenic strains of B. popilliae. Studies involved the influence of various energy sources on sporulation; comparisons of growth rates, glucose utilization, pH changes, and volatile acid production; and the production of sporulation-specific enzymes and antibiotics during colonial development on the sporulation medium. Also, some observations of the germination of spores produced in vitro were made.
OLIGOSPOROGENOUS STRAIN OF B. POPILLIAE co), 0.3% K2HPO4, and 0.05% glucose and will be referred to as MYPG. Pyruvate (0.1%) was added to this medium where indicated. The substitution of glucose for trehalose was made after we found that it did not influence the sporulation frequency which we achieved. All of the components of the medium except the agar were filter-sterilized.
Spores used for inoculating plates were harvested from plates by washing with three 5-ml volumes of water and were routinely heat-shocked at 60 C for 10 min. In a few instances (see below), the vegetative cells in spore-containing colonies were destroyed by inverting the petri dish over a piece of chloroform-soaked cotton for 5 min prior to harvesting, and no heat shock was used. The plates were spot-inoculated to obtain 10 evenly spaced colonies per plate. An inoculator was fashioned from a no. 13 rubber stopper with ordinary straight pins stuck into it. After sterilization, the pin heads were dipped into a suspension of spores and then touched to the agar surface. Inocula for the asporogenic strains were produced in the Trypticase-yeast extract-glucose (TYG) medium described previously (12) .
The frequency of sporulation [(number of spores/ total number of cells and spores) X 100] was determined by direct counting of the number of characteristic spores with parasporal bodies present in a population of at least 200 cells. The suspensions counted were washed from single plates as described above. For estimates of growth by optical density at 620 nm, the suspensions were washed twice with 0.01 M potassium phosphate (pH 7.4) and resuspended in a total volume of 25 ml of the same buffer. A Gilford model 2000 spectrophotometer was used for optical density measurements.
Analytical measurements. Plates containing the MYPG plus pyruvate medium to be used for analysis of changes occurring during colonial development and sporulation were weighed immediately after they were poured and cooled. They were dried for 2 to 3 days and inoculated as described above. One plate was used at each interval during incubation starting at zero time. The cells were wiped from the surface with nonabsorbent (delicatessen) paper, and the plate was weighed to determine the loss due to evaporation. The agar was cut into strips, and macerated by forcing it through a 25-ml syringe without a needle. The syringe was rinsed with water equivalent to two volumes of the original weight of the medium and combined in a 250-ml flask with the macerated medium plus enough water to correct for the weight loss during incubation. The stoppered flasks were incubated for 2 hr at 30 C on a rotary shaker to allow for equilibration and allowed to sediment; 25 ml of the aqueous supernatant solution was clarified by centrifugation at 12,000 X g for 10 min.
The pH of this extract was read directly. Pyruvate was assayed by the procedure of Friedemann and Haugen (4) , and the colorimetric assay outlined in Neish (14) -as used to detect lactate. Glucose utilization was estimated by the reduction in total reducing sugars present. In one experiment, [U-14C]glucose (7, 900 counts per min per-Amole) was added to the medium, and the decrease in the nonvolatile compounds present was estimated by determining the radioactivity remaining after acidification to below pH 6.0 to liberate dissolved CO2 and subtracting the values obtained for volatile acid. The radioactivity in the aqueous samples was counted in the scintillation solution of Bray (1). A 1-ml sample of the acidified mixture was placed in the outer well of a Conway dish along with 1 ml of concentrated H2S04. Hydroxide of hyamine (1 ml) was placed in the center well. After 48 hr of incubation, the hydroxide of hyamine was quantitatively removed with methanol and made to a total volume of 2 ml. Portions of this solution were placed in a toluene-based scintillation fluid (11), andthe radioactivity was counted. These counts were considered to represent the volatile acid. A Nuclear-Chicago Mark I scintillation spectrometer was used for all I4C determinations.
Catalase production. Cells and spores were harvested from the sporulation medium at various intervals as described above. They were assayed for catalase activity by using the manometric procedure of Lawrence and Halvorson (8) tion was increased up to 0.5% but decreased at the 1% level. Growth on the a-methyl-D-mannoside medium also increased as the concentration of sugar increased. The dry weight of cells in the 10 colonies from one plate of the media containing 0.05, 0.2, and 0.5% of this sugar averaged 2.4, 5.5, and 8.3 mg (dry weight), respectively. This was after 20 days of incubation.
Other attempts were made to increase the frequency of sporulation in this medium but without significant success. These included (i) addition of other compounds as carbon and energy sources including fructose, sucrose, a-methyl-D-glucose, salicin, soluble starch, and cellobiose; (ii) preparation of MYPG plus pyruvate medium by using the supernatant solution of centrifuged stationaryphase broth culture (spent medium) and adding various carbon and energy sources; (iii) feeding of glucose by adding a drop of sterile 0.2% glucose to a sterile filter paper disc on the agar surface at dawily intervals; (iv) adding 10-3 M adenosine -3',5'-monophosphate (cyclic AMP) initially and also by adding a drop of 102 M to a filter paper disc as in (ii) at various intervals during colonial development; (v) fractionation of yeast extract into anionic and cationic components by the use of Dowex 50, Cl--form and H+-form columns, respectively, and using the concentrates to replace the yeast extract in the medium and as supplements to it; (vi) the addition of reduced glutathione (0.01 %) initially and, also, by feeding as in (iii) and (iv); (vii) the addition of 5% sterile defibrinated blood to the agar before autoclaving or by adding various levels of hemin before filtration of the nutrient components; (viii) addition of 0.04% dipicolinic acid; and (ix) addition of a variety of metal ions to the regular medium and to the medium prepared with a solution of Mueller Hinton solids and yeast extract which had been treated with Dowex 50, Na+-form resin at pH 6 Fig. 1 were tested, but the results with only two of these will be presented since they are representative. There was nothing unique about the pH and volatile acid patterns of the oligosporogenous strain (Fig. 2) 3 ,000 X g. The cells in the supernatant fluid were then centrifuged at 10,000 X g for 15 min and resuspended. There were no refractile spores evident in this suspension. The spores were concentrated by resuspending the pellet of the 3,000 X g centrifuging in 10 ml of water and repeating the process five times. Each time, the top layer of the pellet which was largely cells was discarded. (20) in a total volume of 0.1 ml for 30 min at room temperature resulted in the release of sufficient trichloroacetic acid-soluble material to give a count of 186 counts/min in a sample equal to 10 ,uliters of the original reaction mixture. This is equal to about 19% of the total radioactivity. When water was substituted for the protease, an equivalent trichloroacetic acid-soluble sample contained only 14 counts/min of '4C. Incubation of 0.2 ml of the same B. cereus protease with 1 ml of azo-albumin solution for 30 min resulted in an increase in the optical density at 340 nm of 0.13.
The only enzyme activity which was consistently associated with sporulation was catalase. Previous data have demonstrated that vegetative cells are devoid of this enzyme (15, 25) but that spores produced in vivo and refractile bodies produced in the laboratory have significant catalase activities (12) . Catalase was also produced by strain 2309M during sporulation in colonies (Table 2 ). It is obvious that catalase activity appeared during sporulation, and that it was completely resistant to heating at 80 C for 10 min. However, the data indicate that it was produced early in the sporulation process. Thus, the cells separated from the spores by centrifugation were about 50% as active as the fraction greatly enriched in spores. No evidence of significant catalase activity was detected with any of the asporogenic strains during colonial growth on the same medium. Two of these strains (2309MC and 2309N) were derived from 2309M.
Comparisons of the catalase activity in the cells and spores of strain 2309M produced in vitro with that of refractile bodies produced as described previously (12) and with spores from Japanese beetle larvae are shown in Fig. 3 . Although the total activity of the refractile bodies was high, it was mostly heat-labile. In contrast, the activity associated with the cells and spores harvested from colonies on plates was stimulated by heating at 80 C for 10 min. The partial heat lability of the enzyme observed with the spores from larvae may have resulted from contamination with the heat-labile catalase from larval hemolymph or catalase-producing bacteria. Although the spores were washed six times before testing, there is no assurance that they were free of hemolymph. Also, it is not possible to prevent some degree of microbial contamination of the spores when harvesting from larvae. The catalase associatedwiththe cells, spores, and refractile bodies was destroyed by autoclaving. However, in some experiments, a low background of up to 10% of the total activity was noted after autoclaving. Also, some sensitivity (up to 50%) of catalase to heating at 80 C for 10 min has been observed with cells and spores of 2309M produced in vitro after storage for several weeks at -20 C.
As evident in Table 3 , the catalase activity in the spores freed of cells, sporangia, and parasporal bodies appeared higher than observed with an enriched intact spore suspension noted earlier in Table 2 . Unfortunately, the spore yields were so low we did not have a sufficient quantity to perform other experiments with them. The cell ex- tract was fractionated, and the highest catalase activities were found in the supernatant solution after centrifugation at 20,000 X g ( (Table 4) . The numbers of colony-forming units observed with the pyruvate-containing media were from 2 to over 100 times greater than the controls.
Pyruvate influenced both the rate and extent of germination. This was indicated by an experiment in which an equal number of heat-shocked spores (.4 X 104 spores per ml) were added to MYPG a Cells and spores were exposed to ultrasonic oscillation for 2 min which was sufficient to break cells and to remove sporangia and parasporal bodies but did not break the spores. The pellet of the 2,000 X g centrifugation contained the spores. The spores were washed three times with water to remove debris before testing.
b Dialyzed 64 hr against water at 4 C. Trypticase-that growth ceased. It is apparent that spore formation occurs with the 2309M strain during the pores in the period of a declining growth rate, and we found irect micro-no increase in the percentage of cells with spores after this point. There was, however, a secondary growth response after some apparent cell lysis. I incubated These observations correlate well with those of ,mples were Sharpe et al. (22) . They observed that the spores me medium in the colonies were found in a concentric ring i rates were near the outer edge of the colony surrounded by iuired for a vegetative cells and prespore forms in the outer at-resistant fringe. 5 hr as comIt is known that some species of the Bacillaceae ate. After 3 sporulate in the presence of high levels of certain ibout 1.1% energy sources (5, 11) . Hsu and Ordal (5, 6) of colony-demonstrated that Clostridium thermosaccharolytin the con-icum sporulated well when carbohydrates were in the pyru-present which limited the growth rate or when in the pyru-glucose was fed to the culture at growth-limiting rates. Apparently, this organism requires carbotctivated by hydrate for energy during sporulation. Sharpe et 2s was har-al. (22) observed that the presence of trehalose at lays of incu-levels above 0.1 % greatly reduced the frequency before and of sporulation with B. popilliae. However, high were fewer populations of spores accumulate in the hemoin the un-lymph of the Japanese beetle larvae in the pres-105 in the ence of high levels of trehalose (17) . It (10) . However, we have never observed strain 2309S to oxidize these substrates, yet the changes in pH were similar in this medium.
We were unable to demonstrate the appearance of extracellular protease or the production of an antibiotic by the oligosporogenous strain of B. popilliae. These are early events commonly associated with sporulation (13, 26) . However, our data are subject to question because ofthe relatively low frequency of spore formation obtained. As pointed out by Schaeffer (21) , oligosporogenous cultures of bacilli may have phenotypes similar to cultures which sporulate at high frequencies or to those which form no spores. However, a recent report indicates that Bacillus brevis sporulates normally without protease production or significant protein turnover (23) .
The only unique marker found which was associated with in vitro spore formation was the production of a heat-stable catalase. Vegetative cells of B. popilliae have no catalase activity (15, 25) and they are sensitive to H202 (3), but spores from larvae and refractile bodies do have this activity (12) . Catalase was consistently found at the onset of sporulation of 2309M. It appeared to be produced at an early stage in spore formation since it was present in cells separated from spores. This is one of the first enzymes demonstrated in spores of aerobic bacilli (8) . The catalase found in spores of B. cereus was stable to 80 C for 10 min and 100 C for 5 min, whereas vegetative cell enzyme was completely inactivated by these treatments. Sadoff (19) observed that the heat stability of catalase in B. cereus developed at essentially the same time as glucose dehydrogenase. This is one of the early sporulation-specific enzymes found in B. cereus.
There is a great amount of evidence that the catalase activity in B. popilliae is sporulation specific; namely, (i) no activity is observed with 2309M until m: rphological changes characteristic of spore formation are observable, (ii) strains which do not produce spores, including two variants derived from 2309M, do not produce catalase when grown under the same conditions as 2309M, and (iii) all of the catalase activity in sporulating cultures of 2309M is stable to 80 C for 10 min.
The catalase activity of B. popilliae was inhibited partially by heme poisons, cyanide and azide, and, thus, appeared to be primarily due to a hemeiron enzyme. However, its production was not stimulated by the addition of preformed ironporphyrin compounds, hemin or boiled blood, as in the case of lactic acid bacteria (7). The activity was not reduced by exhaustive dialysis or by precipitation with ammonium sulfate.
The germination of B. popilliae spores is quite slow; 4 to 5 hours is required to reduce the number of heat-resistant colony-forming units by 90% in a rich medium. Activation of the spores by the procedure of Splittstoesser and Farkas (24) used for spores produced in vivo had no significant effect on the extent of germination. The addition of pyruvate to the germinating medium enhanced both the rate and extent of germination. The presence of this compound in the plating medium enhanced recoveries by about 2-to over 100-fold in different trials. However, the percentage of spores present which germinated varied greatly among experiments and may have resulted from differences in the age of the suspensions. It has been demonstrated that spores produced in vivo germinate more readily after extended storage (24) .
